The NuTeV collaboration has made an independent determination of the Weinberg angle by measuring chargedand neutral-current cross sections from neutrino and antineutrino DIS on iron. Their value differs by 3 standard deviations from that obtained from measurements at the Z pole. We review this experiment and assess various possible explanations for this result, both within the Standard Model ("old physics"), and outside the Standard Model ("new physics").
The NuTeV Experiment
The NuTeV collaboration [1] has measured total cross sections for neutrino and antineutrino scattering. 800 GeV protons at FNAL impinged on a BeO target, producing charged mesons; dipoles selected mesons of a particular charge, which subsequently decayed to muons and produced either neutrinos or antineutrinos. These were focused onto the NuTeV detector, an 18-m long, 690-ton long set of steel plates interspersed with liquid scintillator and drift chambers. Charged current (CC) and neutral-current (NC) interactions were selected according to the length of the subsequent track and the amount of missing energy. Events were selected using the criterion that the visible energy in the calorimeter satisfied the relation 20 < E vis < 180 GeV, and that the event vertex was contained within the fiducial volume. This resulted in a data sample of 1.62 million ν's, and 0.351 millionν's. These cross sections were used to extract an independent value for the Weinberg angle, using a procedure suggested initially by Paschos and Wolfenstein [2] , who derived the relationship In Eq. 1, σ νN0 N C is the total NC inclusive cross section for neutrinos on an isoscalar target. The quantity ρ 0 ≡ M W /(M Z cos θ W ) is one in the Standard Model. The Paschos-Wolfenstein (PW) ratio can also be written in terms of ratios of NC to CC cross sections for neutrinos and antineutrinos; in Eq. 1, R ν is the NC/CC ratio of total cross sections induced by neutrinos on an isoscalar target, and r is the ratio of CC cross sections for antineutrinos to CC cross sections induced by neutrinos.
The NuTeV group obtained the neutral/charged ratios R ν = 0.3916 ± 0.0007 and R ν = 0.4050 ± 0.0016, from which they extracted sin 2 θ W = 0.2277 ± 0.0013 (stat) ± 0.0009 (syst). This value is three standard deviations above the measured value for the Weinberg angle obtained from electroweak (EW) processes near the Z pole, sin 2 θ W = 0.2227 ± 0.00037 [3] . This result was both striking and unexpected. It corresponds to a 1.2% decrease in the left-handed coupling g 2 L of hadrons to the EW current. Derivation of the Paschos-Wolfenstein result contains a large number of assumptions: Among other things, it requires an isoscalar target; neglects contributions from quark masses; assumes isospin symmetry in the parton distribution functions (PDF's); neglects nuclear effects in PDFs; and neglects any contributions outside the Standard Model. Here we will review potential contributions from a number of these sources, and will suggest the most promising effects that might reconcile the NuTeV measurement with the extremely precise measurements near the Z pole.
Contributions from Physics Outside the Standard Model
Davidson et al. have made an extensive review of possible contributions to the NuTeV measurement from "New Physics," i.e., physics beyond the Standard Model [4] . It is quite difficult to find new particles that contribute to the NuTeV neutrino measurement, but do not change other measured quantities from their experimental limits. This is due to the fact that several observables measured in EM experiments at the Z pole are known to exceptional precision, in several cases at or near the 0.1% level. It is hard to construct scenarios that will change the Weinberg angle measured in neutrino scattering by 1%, without altering other observables by comparable amounts. To change the NuTeV neutrino result by the required amount without violating the constraints at the Z pole, one has to resort to so-called "designer particles," new particles whose number, masses and couplings are delicately adjusted to fit all existing data.
We review a few of these attempts. One of the more obvious candidates might be loop effects containing supersymmetric particles. In general, SUSY loops in MSSM (minimal supersymmetric models) tend to have the wrong sign, and increase the size of the anomaly; other SUSY candidates violate existing constraints. Oblique corrections, arising from high-mass particles that couple only to vector bosons, have parameters that are tightly constrained by EW data, and they are probably unable to resolve the NuTeV anomaly. A high-mass extra Z' vector boson (or bosons), unmixed with the known Z boson, might be a possibility. Davidson et al. found that the most likely possibility was a Z ′ satisfying the gauge symmetry B − 3L µ , where B is the baryon number and L µ the lepton number. A gauge boson with precisely defined mass and couplings has the potential to remove the NuTeV anomaly; however, the couplings must be chosen to avoid running into trouble with the very precise muon g − 2 measurements. Leptoquarks are scalar or vector bosons that couple to both leptons and quarks. Assuming that the couplings conserve baryon and lepton number, it was found that only triplet SU (2) L leptoquarks, with carefully chosen mass splittings between the spin triplet members, could explain the NuTeV effect. If this explanation is true, it could be tested in experiments at the LHC. In Fig. 1 , we plot the contributions made by an extra Z ′ with gauge symmetry B − 3L µ (dashed curve), and from minimal leptoquarks (solid curves), vs. the left and righthanded couplings g 
Corrections Within the Standard Model
Because of the difficulty in satisfying the NuTeV result with physics outside the Standard Model, recent efforts to resolve this anomaly have focused on "QCD Corrections," effects arising within the current Standard Model. We review the most promising effects here. In analyzing QCD corrections, we must remember an important feature of the NuTeV analysis. Because cuts and acceptance corrections are different for neutrinos and antineutrinos, the resulting ratios R ν and R ν cannot be combined simply, as in Eq. (1), to obtain the PW ratio and hence the Weinberg angle. The NuTeV group extracted the neutral to charged-current ratios, and the Weinberg angle, through a detailed Monte Carlo simulation of the reaction. This means that corrections to the Weinberg angle calculated from the PW ratio will not accurately predict the corresponding changes for the NuTeV experiment. For this purpose, the NuTeV group [5] has published functionals that provide the sensitivity of their observables to a given effect,
Eq. 2 gives the change in the extracted quantity E resulting from the symmetry violating quantity δ(x). In the remainder of this paper, we will give equations showing the effect on the PW ratio resulting from various effects; however, the actual change in the Weinberg angle for the NuTeV measurement is obtained by integration using the relevant functional in Eq. (2).
Nuclear Effects in Neutrino DIS
There is a correction to the Weinberg angle due to the fact that iron is not an isoscalar target. This correction is proportional to the number of excess neutrons in the target. It has been taken into account by the NuTeV group in extracting their value for the Weinberg angle. Although the correction is large, of the order -.008, it depends primarily on the momentum carried by valence quarks, a value known to within a couple percent; hence this correction should be well under control. Another significant contribution arises from radiative corrections; these occur only for the charged-current events, and involve coupling of soft photons to the final muon line. The NuTeV group used radiative corrections calculated by Bardin and Dokuchaeva [6] . Recently, Diener, Dittmaier and Hollik [7] have re-calculated the radiative corrections. Their program has not yet been included in a detailed analysis of the ν cross sections; however, they suggest that the NuTeV estimate of the uncertainty due to radiative corrections (δsin 2 θ W = 0.00011) may be overly optimistic.
There should be nuclear corrections, since NuTeV measurements were carried out on an iron target. For charged leptons, one has measured shadowing corrections at small x, EMC-type corrections at intermediate x, and Fermi motion corrections at large x. Miller and Thomas [8] suggested that shadowing effects might make a significant correction to the NuTeV result. Their argument is that shadowing for neutrinos (virtual W or Z) could be significantly different from shadowing for muons (virtual photons) [9] . The NuTeV group counters that shadowing occurs at values of Q 2 significantly lower than the Q 2 in their experiment. They also claim that the shadowing corrections should cancel when one subtracts neutrino cross sections from antineutrino reactions; furthermore, shadowing should affect the ratio R ν more than R ν , while in their experiment R ν is identical to the Standard Model prediction, while R ν is 3σ below the Standard Model value.
In a recent paper, Brodsky et al. [10] calculate shadowing and antishadowing corrections for neutrino-nucleus DIS. They include Pomeron and Odderon contributions from multigluon exchange, in addition to Reggeon multiquark exchange. In their model CC and NC reactions are affected differently, as are ν andν processes. They estimate that shadowing effects can account for roughly 20% of the NuTeV anomaly; their calculations predict significantly larger corrections for R ν than for R ν . Kumano [11] estimated nuclear modifications to the PW ratio, and Hirai et al. [12] are currently extracting nuclear PDFs by fitting a wide range of data for charged lepton DIS and Drell-Yan reactions. The NuTeV group has applied nuclear corrections, under the assumption that nuclear modifications are identical for charged-lepton and ν DIS (one expects differences in the shadowing region, and it is not firmly established that EMC-type modifications are the same for charged leptons and neutrinos).
Contributions from Isospin Violation
Charge symmetry is an approximate symmetry in parton distributions, involving rotation of 180
• about the "2 ′′ axis in isospin space; it corresponds to interchange of protons and neutrons (simultaneously interchanging up and down quarks). In nuclear physics, charge symmetry is respected to a high degree of precision, generally at less than the 1% level [13, 14] . At present, there is no direct evidence for charge symmetry violation (CSV) in high energy experiments [15] , and until recently all phenomenological analyses assumed charge symmetry for PDFs. We define CSV PDFs as
. The correction to the PW ratio from parton charge symmetry violation has the form
In Eq. (3), we have for simplicity left out a small QCD radiative correction proportional to α s [4] . Only valence PDFs contribute to the PW ratio. Recently, the MRST group [16] have included isospin violation in a phenomenological evaluation of PDFs. They carried out a global fit of PDFs using a wide variety of high energy data. They chose a specific model for valence quark charge symmetry violating PDFs. The integral over x of the valence CSV PDFs δd v (x) and δu v (x) must be zero, otherwise it would not conserve the total number of valence quarks in the neutron. MRST constructed a function that automatically satisfied this quark normalization condition,
At both small and large x, f (x) has the same form as the MRST valence quark distributions, and the first moment of f (x) is zero. The coefficient κ was varied in a global fit to high energy data. MRST obtained a shallow χ 2 minimum about the value κ = −0.2, and the 90% confidence level for the range −0.8 ≤ κ ≤ +0.65.
The MRST group also included sea quark CSV in a global fit. Valence quark CSV makes a substantially larger contribution than sea quark CSV to the extraction of the Weinberg angle from neutrino DIS. Using the sea-quark CSV and the bestfit value for valence quark CSV obtained by the MRST group, would remove roughly 1/3 of the NuTeV anomaly. Note that the form chosen by MRST, Eq. (4), insures that δu v and δd v will have opposite sign, and hence will add coherently in the correction to the PW ratio, Eq. (3). The value κ = −0.6, within the 90% confidence limit found by MRST, would completely remove the NuTeV anomaly, while the value κ = +0.6 would double the discrepancy. The MRST results show that isospin violating PDFs are able to completely remove the NuTeV anomaly in the Weinberg angle, or to make it twice as large, without serious disagreement with any of the data used to extract quark and gluon PDFs.
We can compare the phenomenological fits of MRST to theoretical estimates of valence parton CSV by Sather [17] and Rodionov et al. [18] . By estimating the dependence of valence PDFs on the quark and nucleon masses, Sather obtained an analytic approximation to valence quark PDFs; the second moment of these distributions gave the results
MeV is the n-p mass difference. Eq. (5) suggests that the second moments δU v and δD v depend only upon the total momentum carried by valence quarks in the nucleon, and the n-p and up-down quark mass differences. It also suggests that δU v should be negative and δD v positive; since the PW ratio is proportional to the difference of these quantities, they will add coherently in the correction to the PW ratio. Rodionov et al. calculated the valence CSV distribution expressions for valence quark distributions obtained from quark models. In both cases, the resulting CSV corrections tend to decrease the size of the NuTeV anomaly, and they remove roughly 30%, or 1σ of the discrepancy in the Weinberg angle. In Fig. 2 we compare the valence quark CSV PDFs for the MRST best fit value κ = −0.2 with the theoretical CSV distributions of Rodionov et al.. The two distributions agree very well. However, within the 90% confidence level the phenomenological CSV distributions could be four times as large as the theoretical PDFs, or three times as big with the opposite sign.
Strange Quark Contribution
The contribution from strange quarks has the form
It depends on the quantity
]dx, the asymmetry in total momentum carried by strange quarks and antiquarks. The most precise measurements come from opposite sign dimuons produced from reactions induced by neutrinos or antineutrinos; the former (latter) is sensitive to the strange (antistrange) quark distributions. This has been measured by both CCFR [19] and NuTeV [20] groups. The CTEQ group [21] has analyzed this in a global fit that allowed the possibility of s =s. They find a positive value for S v , which would decrease the Weinberg anomaly; the most likely value is roughly a 30% decrease in the NuTeV anomaly for the Weinberg angle; in their analysis, the strange contribution alone is unable to remove the NuTeV anomaly. The NuTeV group had previously reported a best fit to their dimuon cross sections with a slightly negative value S v = −.0027 ± 0.0013 [5] ; this would increase the magnitude of the NuTeV anomaly. In Fig. 3 we plot the results of the CTEQ and NuTeV analyses of strange quark distributions; we show both s −s, and the second moment x(s −s) (multiplied by 5).
Since the initial NuTeV and CTEQ results, the groups have worked together to resolve the differences in their analyses. Initially, there were rather substantial differences. At present, a few differences still persist: CTEQ uses a somewhat lower charm mass (necessitated by HERA data in their global fit); and the two groups use slightly different acceptance corrections and fragmentation functions. In their global fit, the CTEQ group calculates dimuon production using an LO fit, while NuTeV uses NLO calculations throughout. The CTEQ group enforced the condition that the proton have zero net strangeness 1 0 [s(x) − s(x)]dx = 0, while at least initially NuTeV did not (this is apparent in Fig. 3 ). The two groups continue to obtain opposite overall sign for the strange quark contribution to the Weinberg angle. It is not clear why this is the case; al- Figure 3 . Positive values at large x: s −s and 5x(s −s), from CTEQ global fit, Ref. [21] . Negative values: the same quantities calculated in earlier CCFR/NuTeV analysis of strange quark distributions, Ref. [20] . though the CTEQ group carries out a global fit while NuTeV specifically fits the CCFR/NuTeV dimuon production cross sections, determination of the strange quark PDFs in the global fit is dominated by the dimuon data. Catani et al. [22] have recently shown that, at NNLO order, it is possible to perturbatively generate nonzero values for S v , even if it is zero at the starting scale (this is not possible in either LO or NLO). They generate a small negative value for S v from perturbative three loop contributions.
Conclusions
It has proved quite difficult to find physics outside the Standard Model that can reconcile the NuTeV measurement of the Weinberg angle, while agreeing with the extremely precise EW data measured at the Z pole. Recent attention has focused on QCD corrections. Of the effects we reviewed, the most viable candidate would be corrections from isospin violating PDFs. The MRST group has shown that CSV effects are capable of removing 100% of the NuTeV anomaly, without disagreeing seriously with any high energy data. If correct, these parton CSV effects would be roughly three times theoretical predictions; effects of this magnitude should be visible at the few percent level in future experiments. Another possible explanation for the NuTeV anomaly would be a strange quark momentum asymmetry. There is currently disagreement about both the sign and magnitude of this contribution; the CTEQ group estimates that s quark effects should remove roughly 1/3 of the NuTeV anomaly, while the NuTeV analysis of the same data suggests a small contribution from strange quarks that is likely to increase the anomaly. Another potential contribution arises from nuclear effects in neutrino scattering. Recent calculations suggest that nuclear effects could remove part of the NuTeV anomaly. One possible scenario is that the discrepancy in the Weinberg angle could be explained by small contributions from several QCD effects. However, it should be stressed that for all of these processes, the sign of the contribution to the NuTeV experiment has not been established beyond doubt, so we cannot say with certainty that these effects reduce the discrepancy in the Weinberg angle.
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